a Background and objective We studied whether changes in less invasive, noncalibrated pulse-contour cardiac output (by modified ModelFlow, COmf) and derived stroke volume variations (SVV), as well as systolic and pulse pressure variations, predict changes in bolus thermodilution cardiac output (COtd), evoked by continuous and cyclic increases in intrathoracic pressure by increases in positive endexpiratory pressure (PEEP) and tidal volume (V t ), respectively.
Introduction
In mechanically ventilated patients after cardiac surgery, cardiac filling pressures are insufficient predictors of preload-dependent cardiac output (CO), because, among other reasons, measurements are affected by transmitted airway pressure [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In contrast, left-sided dynamic indices, including stroke volume variations (SVV) and systolic and pulse pressure variations (SPV, PPV), which can be derived from the arterial pressure curve by pulsecontour analyses and are evoked, at least in part, by ventilation-induced alterations in cardiac loading conditions, may better predict preload responsiveness of CO than filling pressures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Nevertheless, the value of dynamic indices also depends on ventilatory settings and thoracic compliance [1, 4, 8, 12, 13, 15] . During ventilatory changes such as increases in positive end-expiratory pressure (PEEP) and tidal volume (V t ), right ventricular preload may decrease, afterload may increase and left ventricular preload, afterload and thereby CO may decrease [16] . Indeed, PEEP may increase left-sided dynamic indices, as studied in animals [17, 18] and humans [12, 14] . Also, a low V t , in the course of lung-protective ventilation for instance, may decrease the predictive value of dynamic indices for preload responsiveness as compared with high V t . The latter may decrease right ventricular preload, increase afterload and thereby affect left ventricular loading, stroke volume and arterial pressure variability [4, 8, 12, 13, 15, 19] . In any case, SVV proved more sensitive to left ventricular preload than to afterloadinduced changes in CO, may partly reflect invasive stroke volume variability and may thereby contribute to (even more easily obtained) SPV and PPV [1, 4, 6, 11, 12, 20] . One method to measure SVV is by the modified ModelFlow pulse-contour technique that also allows evaluation of the course of CO less invasively, even without prior calibration. It performs well after cardiac surgery compared with thermodilution [21, 22] .
We evaluated whether noncalibrated, modified ModelFlow CO and SVV, as well as SPV and PPV, track thermodilution CO changes, used as a reference standard, during altered ventilatory settings in mechanically ventilated patients after cardiac surgery. Responses to continuous and cyclic intrathoracic pressures by stepwise increases in PEEP and V t , respectively, were compared to help explain the changes observed with PEEP.
Patients and methods

Patients
Seventeen patients (three female and 14 male patients) were included in the study after written informed consent was obtained. All patients underwent cardiac surgery, 11 coronary artery bypass grafting, five aortic valve replacements and one mitral valve repair. Postoperatively, the patients were admitted into the intensive care unit. In the operating room, they were already instrumented with a thermodilution pulmonary artery catheter (8.5-Fr, CCO/VIP, Edwards Life Sciences, Santa Ana, California, USA) and a radial artery catheter. On arrival in the intensive care unit, patients were sedated with propofol
) and sufentanil (0.5 mg kg À1 h
À1
). Patients were allowed to stabilize for 30-60 min. Patients' lungs were mechanically ventilated by volume-controlled ventilation with V t s of 10 ml kg À1 and a PEEP of 5 cmH 2 O. Ventilation frequency was set between 10 and 13 breaths min À1 to maintain the arterial PCO 2 in the normal range (4.5-6.0 kPa). To maintain a steady state, nursing activities were minimized during the study.
Modified ModelFlow method
As described before [21] [22] [23] , the ModelFlow method simulates ventriculoarterial coupling according to a three-element Windkessel model. The model has three principal components: aortic characteristic impedance, which represents the opposition of the aorta to pulsatile inflow; Windkessel compliance, which represents the ability of the arterial system to elastically store stroke output of the left ventricle; and peripheral resistance. The impedance and compliance of the model depend on pressure and total systemic peripheral resistance depends on many factors, including circulatory filling, metabolism, sympathetic tone and vasoactive drugs. The aortic characteristic impedance increases and the aortic Windkessel compliance decreases when aortic pressure increases. The nonlinear behaviour of the aortic wall could be a major source of error if not taken into account. The nonlinear relationships have been studied post mortem by Langewouters et al. [24] and described as mathematical functions of patients' age, sex, height and weight. Individual inaccuracy in aortic diameter determination translates into an inaccuracy in the absolute level of CO computed for an individual patient, but the ability to reliably track changes in CO remains intact. The uncertainty in total systemic peripheral resistance as a model parameter is removed as follows. For the first beat detected in the arterial pressure waveform, a population average value for peripheral resistance is assumed in the model and mean arterial pressure and CO are computed. The ratio of pressure to CO for this beat defines a new resistance used in the model for the next beats. Within 5 beats after the start, model resistance stabilizes to total systemic peripheral resistance. The model follows changes in resistance that further occur.
Study protocol
For each patient, the following data were collected: heart rate (HR), systolic arterial blood pressure (P sys ), diastolic arterial blood pressure (P dia ), mean arterial blood pressure (MAP), mean pulmonary artery pressure (MPAP), central venous pressure (CVP), pulmonary artery occlusion pressure (PAOP; after proper wedging), CO by thermodilution and noncalibrated, modified ModelFlow (COtd, COmf, respectively), SVV, SPV and PPV, and their response to changes in PEEP and in V t . Plateau and mean airway pressures and V t were recorded. Blood pressures were taken after calibration and zeroing to atmospheric pressure, at the mid-chest level with patients in the supine position. CO was measured by means of the bolus thermodilution method, following triplicate central venous injections (10 ml of glucose 5% at 4-68C), irrespective of the ventilatory cycle, and averaging. The noncalibrated, modified ModelFlow method was used to less invasively assess CO and SVV according to methods described earlier and explained above [21] [22] [23] . Radial artery pressure, taken from the monitor, was sampled by a computer system at 100 Hz and used as input to the model, to compute an aortic flow waveform. The flow waveform was integrated during arterial systole to deliver stroke volume. CO was computed for each beat as the product of stroke volume and HR. SVV was defined as the variation in beat-to-beat stroke volume during a single respiratory cycle and was calculated as: SVV ¼ (SV max À SV min )/SV mean . The algorithm uses a period of 30 s to calculate SV mean . The time window was divided into four 7.5 s periods; for each 7.5 s, the highest (SV max ) and the lowest (SV min ) values of stroke volume were determined and the average of the four 7.5 s intervals was used to calculate SVV. Similarly, SPV and PPV were calculated from the arterial pressure curve, from SPV ¼ (SP max À SP min )/SP mean and PPV ¼ (PP max À PP min )/ PP mean , respectively. After baseline measurements at 5 cmH 2 O PEEP, measurements were done after 5 cmH 2 O increments to 15 cmH 2 O of PEEP each 10 min, followed by 10 min of baseline conditions and repeated measurements. Then, V t was increased at 10 min intervals by 25 and 50%, followed again by 10 min of baseline conditions and repeated measurements.
Statistical analysis
Data were distributed normally (Kolmogorov-Smirnov test). We calculated the mean of baseline values before and after the challenges, which did not statistically significantly differ, for comparison with the changes evoked by the ventilatory interventions using the paired t-test. Linear correlation coefficients were used to express relations. To compare COmf with COtd, Bland-Altman analysis was done plotting mean CO against the difference between COmf and COtd. Bias, precision (SD) and limits of agreement (bias AE 2SD) were calculated. A P value less than 0.05 was considered statistically significant and exact values are given if more than 0.001. Data are summarized by means AE SD.
Results
Patients' characteristics are described in Table 1 and ventilatory changes during the protocol in Table 2 . Plateau airway pressures similarly increased with PEEP and V t increments. Table 3 shows that COmf decreased and SVV increased concomitantly with COtd decreases, as compared with baseline, by increasing PEEP. The change in COmf correlated with the change in mean airway pressure (r ¼ À0.46, P ¼ 0.011). Increasing V t (10 AE 1 ml kg À1 ) by 25 to 50% (to 15 AE 1 ml kg À1 ) did not change SVV, SPV, PPV, COmf or COtd (Table 4) . However, P sys , P dia , MAP, CVP and PAOP increased, without changing the PAOP-CVP gradient.
Correlations with stroke volume variation COtd decreases were more than 10% in eight of 34 steps during PEEP increments, and no variable, including SVV, was of predictive value at baseline. Changes in SVV did not relate to changes in COtd or COmf. However, for pooled data before, during and after PEEP, SVV inversely related to stroke volume by noncalibrated, modified ModelFlow (r ¼ À0.50, P ¼ 0.001) and not by thermodilution (r ¼ 0.38, P ¼ 0.796), but changes did not. For pooled data before, during and after PEEP increments, SPV and PPV related to SVV (r ¼ 0.61 and r ¼ 0.74, respectively, P < 0.001), but changes did not. Figure 1 shows the relation between changes in COmf and COtd as a function of PEEP changes from 5 to 10 and from 10 to 15 cmH 2 O (r ¼ 0.55, P ¼ 0.002). Changes in stroke volume measured by the techniques showed even better correlation (r ¼ 0.77, P < 0.001).
Comparing cardiac output by noncalibrated, modified
ModelFlow with cardiac output by thermodilution For pooled data, that is, mean baseline values before, during and after PEEP and V t increments, noncalibrated COmf correlated with COtd at an r value of 0.52 and P value less than 0.001 (and stroke volumes at r ¼ 0.65, P < 0.
Discussion
In mechanically ventilated patients after cardiac surgery, a fall in less invasive (pulse-contour), noncalibrated and modified ModelFlow CO is more sensitive than the derived SVV, which is more sensitive than SPV and PPV, in tracking a fall in COtd during continuous (and not cyclic) increases in intrathoracic pressure.
In comparing CO measurement techniques, the limits of agreement of COmf with COtd (2SD/mean) were 47%, well above the 30% criterion by Critchley and Critchley [25] for a theoretically acceptable alternative to thermodilution-derived CO. The data agree with our previous comparisons of noncalibrated, modified ModelFlow at steady state conditions after cardiac surgery [21, 22] . Even though the noncalibrated, modified ModelFlow technique somewhat underestimated and not fully agreed with the thermodilution technique, it was apparently sensitive enough to detect decreases in thermodilution CO with continuous increases in intrathoracic pressure. Indeed, the accuracy of detecting rapid changes in CO may be clinically more useful than that of absolute numbers.
Baseline SVV, SPV and PPV were lower than often observed to be associated with preload (fluid) responsiveness [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [13] [14] [15] , and baseline values did not predict the fall in CO during PEEP increments. Nevertheless, PEEP (and not V t ) increments decreased CO and increased SVV and this can be explained as follows. Although increasing PEEP and mean airway pressure may mainly reduce venous return and thereby render CO preload-dependent, PEEP may also increase afterload of the right ventricle at inspiration, thereby contributing to a decrease in CO [16] [17] [18] [19] . Conversely, rises in V t also increase lung volume and PEEP, tidal volume and stroke volume variations Breukers et al. 865 thereby afterload of the right ventricle at inspiration, but apparently did not raise mean airway pressure to levels with PEEP and therefore did not affect preload-dependent CO or SVV in our study. Conversely, right ventricular afterload changes may have played only a minor role in the PEEPinduced circulatory changes, which can therefore be mainly attributed to mean airway pressure-related falls in right and, via series interaction, in left ventricular preload, in agreement with prior suggestions [14, 16, 18] . Apparently, the fall in preload decreased stroke volume and CO by the left ventricle and rendered it more sensitive to mechanical ventilation-induced variations in preload, thereby increasing SVV, as in animals [18] . In contrast, authors observed an increase in dynamic indices with increases in V t [8, 12, 13, 15] . The discrepancy with our results can be explained, in part, by lower preload at baseline in their studies than in ours. Moreover, increasing V t somewhat increased arterial blood pressure, perhaps by sympathetic activation and resultant peripheral vasoconstriction, and thereby increased left ventricular afterload, whereas CO was maintained by concomitantly increased filling pressures. The unaltered gradient between CVP and PAOP may be explained if increased V t augmented both right and left ventricular afterload as well as preload, as described previously [19] . Indeed, SVV may not be affected by afterloading of the left ventricle, if adequately filled [20] . We did not assess the interaction between PEEP and V t on SVV, for safety reasons, so that it cannot be excluded that SVV was more sensitive to CO changes during incremental PEEP at V t more than 10 ml kg À1 than at lower V t .
The observation that SVV was more affected by a fall in CO with PEEP than the SPV and PPV can be explained, among other reasons, by pressure variations that are only partly caused by SVV [19] . Indeed, SPV and PPV proved more sensitive than SVV in reflecting preload dependency and fluid responsiveness of CO after cardiac surgery in previous studies, in which patients may have been underfilled [2, 13] . In contrast, our data suggest that PPV and SPV are too insensitive to detect relatively small CO changes upon PEEP increases in (probably adequately filled) patients. Indeed, the SVV, SPV as well as the PPV were less helpful in monitoring decreases in COtd by changes in ventilator settings than the less invasive, noncalibrated COmf itself. Many pulse-contour methods have been evaluated [3, 22] , but, unlike the noncalibrated, modified ModelFlow technique, most of them require calibration by an independent and invasive CO measurement and only a few have been evaluated for their ability to track preload (fluid) responsiveness or responses to ventilatory changes [26] . Means AE SD. V t 25%, tidal volume increased by 25%; V t 50%, tidal volume increased by 50%. COmf, cardiac output by noncalibrated, modified ModelFlow; COtd, cardiac output thermodilution; CVP, central venous pressure; HR, heart rate; MAP, mean arterial blood pressure; MPAP, mean pulmonary artery pressure; PAOP, pulmonary artery occlusion pressure; P dia , diastolic blood pressure; P sys , systolic blood pressure; PPV, pulse pressure variation; SPV, systolic pressure variation; SVV, stroke volume variation.
In conclusion, a fall in noncalibrated, modified ModelFlow CO is more sensitive than a rise in SVV, which is more sensitive than SPV and PPV, in tracking a fall in COtd during continuous (and not cyclic) increases in intrathoracic pressure, in mechanically ventilated, adequately filled patients after cardiac surgery. This suggests a reduction in biventricular preload as the main factor in decreasing CO and, as a result, increasing SVV with PEEP. The findings may help to understand pulse-contour monitoring and underscore the value of noncalibrated, modified ModelFlow to track circulatory changes during changes in ventilatory settings.
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